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Abstract. We consider self-avoiding walk on finite graphs with large girth. We
study a few aspects of the model originally considered by Lawler, Schramm and
Werner on finite balls in Z¢. The expected length of a random self avoiding path
is considered. We discuss possible definitions of “critical” behavior in the finite
volume setting. We also define a “critical exponent” ~ for sequences of graphs of
size tending to infinity, and show that v = 1 in the large girth case.

1. Introduction

1.1. Self-avoiding walks. A self-avoiding walk is a path in a graph that does not
visit any vertex more than once. Counting the number of self-avoiding walks of
length n started at the origin in Z¢, is a long standing open problem. It is very
difficult to come up with formulas that capture the correct asymptotics. In fact,
even the exponential growth rate of the number of such walks is difficult to precisely
calculate in most cases; this number p is known as the connective constant of the
lattice. For more on self-avoiding walks in the Euclidean context see Bauerschmidt
et al. (2012); Madras and Slade (2013).

Let us briefly introduce the main model usually considered in the plane (and in
fact in Z% in general). This is sometimes called Lawler-Schramm-Werner model of
self-avoiding walk, see Lawler et al. (2004). For some parameter 0 < z € R and
scaling factor § > 0 consider the finite graph Gs := 6Z% N B(0, 1), where B(0,1) is
the Euclidean ball of radius 1. Let SAW; be the set of all self-avoiding walks in G
started at 0 with an endpoint in the boundary of G5 (there are finitely many such
walks). We may define a probability measure ]P"; on SAW; by letting the probability
of w € SAW; be proportional to 2! where |w]| is the length of w.
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It is known that the model undergoes a phase transition at z. = p~!. Tloffe
(1998) has shown that for 2 < . the measures P’ converge (in an appropriate
sense) to a measure on geodesics from 0 to the boundary of B(0,1). For = > x.
one may show that the limiting curve fills the ball B(0,1) (again, in an appropriate
sense), see Duminil-Copin et al. (2014).

The major question is to understand what happens at the critical point z = z..
In dimensions d > 4 the limiting curve is expected to be scaling to a Brownian
motion; this is related to works of Brydges and Spencer (1985) and Hara (2008);
Hara and Slade (1991, 1992b,a) (see also Brydges et al. (2012, 1992); Brydges and
Imbrie (2003a,b); Brydges et al. (2009); Brydges and Slade (2010) for the upper
critical dimension d = 4, and the book Madras and Slade (2013) and references
therein). This is known for d > 5 using lace expansion, see Hara and Slade (1992D).
Dimension d = 3 is the most mysterious. In dimension d = 2 the limiting curve
is conjectured to be SLEg,3, Schramm-Loewner Evolution of parameter % Lawler
et al. (2004). Not much has been rigorously proven regarding the critical two-
dimensional case; even very intuitive facts are quite involved, see e.g. Duminil-Copin
and Hammond (2013).

1.2. Finite graphs. Self-avoiding walks on general graphs have received much less
attention than the Euclidean lattices. (See, for example, Alm and Janson (1990);
Grimmett and Li (2013); Madras and Wu (2005) and references therein.) In this
note we adapt the Lawler-Schramm-Werner model to the setting of finite graphs.
The problem on finite graphs is that there is no canonical way to define “criticality”
and it is not clear what “mean field behavior” is. This is the purpose of our
definition of the critical exponent - and critical sequences below, and their relations
to the expected length of a self-avoiding path and the asymptotic behavior of the
partition function. This is explained in analogy to the more classical Euclidean
space setting.

There are two main results of this paper. The first, is the definition of the notion
of critical sequences and critical exponent for the finite graph setting, with the dif-
ferent viewpoints relating them to expected length and intersection of independent
self-avoiding paths. This is presented in Section 1.5 and Theorem 1.4.

The second main result is the analysis of the critical behavior of self-avoiding
walks in the large-girth case. We have two different types of possible “mean field”
behaviors (in analogy to the complete graph case and the Euclidean case), and we
show that large girth graphs only exhibit one of these (namely critical exponent
~ = 1). This is done in Theorems 1.7 and 1.8.

Let us precisely define the model and state the results.

1.3. The model. A path w in a graph G is a sequence (wp,w1,...,wy,) of vertices
such that w; ~ w;4q for all j < n, where x ~ y means z,y are adjacent in the graph
G. For such a path w = (wp, w1, ...,w,) we use |w| = n to denote the length of the
path, which is the number of edges traversed.

For a graph G we denote by SAW(G) the set of finite length self avoiding walks
in GG; that is,

SAW(G) = {w : wis a finite path and V k # j , wi # w,}.
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We use SAW(o, G) where o is a vertex in G to denote the set of all self avoiding
walks in G starting at o. SAW(G) (resp. SAW (0, G)) denotes the set of those self
avoiding walks in SAW(G) (resp. SAW (o, G)) which have length k.

Definition 1.1. Let G be a graph (finite or infinite). Let o € G be some vertex.
For a real parameter > 0 define the partition function

Zoc(z) =Y all=>"|SAW,(0,G)|-z".
wESAW (0,G) n=0

(When G is infinite this converges for z < p~! where u = u(G) is the connective

constant of G.) For any z for which the partition function converges, define a
probability measure on SAW (o, G) by

Pao.clw] = (Zog) ™! -2,

When G is a transitive graph we will usually omit the root vertex o, since any
vertex plays the same role; e.g. on a transitive graph G by P, ¢ we mean P, , ¢ for
some o.

Expectation under P, , ¢ is denoted E; , ¢ (or E; ¢ when G is transitive).

We will be interested in two main quantities:

e The expected length of a random element under P, , ¢; that is
L(x,0,G) = Eyocllul] = (Zoc(@) - 3 [SAW, (0,G)| - - 2.
n=0
e The probability that two independent samples from P, , ¢ intersect triv-
ially; that is,

I(2,0,G) = (Py 0.6 X Py oc)lwnw = {o}].
(Here w,w’ are independent samples each with law P, , ¢.)

Of course the analysis of the partition function Z, ¢(z) plays an important part.
As usual, the vertex o is omitted in the notation for transitive graphs.

1.4. Critical exponents. We start by a brief review of critical exponents in the
classical case, as motivation for our definition of the critical exponent v below.
Let G be some transitive infinite graph, and fix some origin o € G. The classical
literature on self-avoiding walks is interested in determining the existence and values
of the so-called critical exponents. We will not go into all the details here, see
Bauerschmidt et al. (2012) and Madras and Slade (2013) for more. One of these
critical exponents is 7. It is defined as the number such that for some constant A,

ISAW,, (0, G)| ~ A - p™ -0 as n — oo.

(Here f(x) ~ g(x) as x — a means that lim,_,, f(z)/g(xz) = 1 and the limit exists.)

For example, lace expansion methods show that when G = Z¢ for d > 5 we have
that the exponent v exists and v = 1, see Hara and Slade (1991, 1992b,a). This is
what is called mean field behavior, because the analogous quantity for the simple
random walk is also 1 in dimensions d > 5.

v also has a probabilistic interpretation. If it exists, then the probability that
two independent uniformly chosen self-avoiding walks from SAW, (o, G) intersect
only at the origin is ~ cn' = as n — oo.
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It is possible to show that the exponent v exists if and only if for some constants
¢, c,

Za(x) ~e(l—p-2z)™7 and L(z,G) ~c (1 —p-z)™? asx S,

(see e.g. Bauerschmidt et al., 2012).

If 7 exists then v = lim, »,—1 %. Thus, with this intuition in mind we
define
log Z,
v(z,0,G) == 08 Zo.6(7) (1.1)

~ log(L(x,0,G) + 1)
In Proposition 1.9 we show that for transitive G,
L(z,G)+1=1(x,G) - Zg(x).
Plugging in the above predictions we have that if the exponent ~ exists then
I(z,G) ~ (1 —zu)" ™t
1

Thus, mean field v = 1, implies that I(z, G) is bounded away from 0 as © » pu~*.
Non mean field exponent, v > 1, implies that this probability converges to 0 as
x S pt

These properties motivate our definition of the critical exponent in the finite
case.

1.5. Criticality in the finite setting. Now let us return to the finite setting. Let
(Gn)n be a sequence of finite graphs with |G,| — oo, and o, € G, some root
vertex.

Definition 1.2. For a sequence (z,,), of positive real numbers:
e We say that sequence (z,,), is super-critical (for SAW on (o, Gp)n) if

liminf Z, q. (z,) = cc.
n— oo

e We say that the sequence (), is sub-critical if
limsup Z,, a, (zn) < co.
n— oo

e We say that the sequence (z,,), is critical if for any 0 < ¢ < 1 the sequence
(n(1 4 €)),, is super-critical and the sequence (z,(1 — ¢)),, is sub-critical.

Critical sequences are unique in the following sense.

Proposition 1.3. Let (x,), be a critical sequences for (on,Gp). Then (yn)n is a
critical sequence if and only i, Zj— —1 asn — .

Another result is a characterization of critical sequences in terms of the inter-
section probability function I.

Theorem 1.4. For SAW on a sequence of transitive graphs G,, with |G| / oo,
and a sequence (Tp)n:

o () is super-critical if and only if limsup,, I(x,,Gy) = 0.

o (x,)n is sub-critical if and only if liminf,, I(z,,G,) > 0.

This theorem is not surprising, since we expect that super-critical paths should
be “long”, so that a trivial intersection has small probability, and sub-critical paths
are expected to be short, so there is a reasonable probability of a trivial intersection.
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1.6. Mean field. The main purpose of this paper is to analyze the finite graph
model. We begin with the simplest model, the complete graph.

Theorem 1.5. Consider the SAW model on the sequence (G,), where G, is the
complete graph on n vertices. Then, (%)n is a critical sequence.
Moreover, for all e > 0:

o If (xp)n is a sequence such that lim,, o (nx,) =1+ ¢€, then

n— oo n B 1+e¢ n—o00

o If (xn)n is a sequence such that im,, o (nx,) =1 — ¢ then,

1—
lim L(zp,Gn) = ——  and  lim I(z,,Gn) = 1.

n— oo S n— oo

o Ifz, = % then there exists some (explicit) universal constant « > 0 such
that
im ——— =«
n—00 \/ﬁ
Theorem 1.6. Consider the SAW model on the sequence (Gy,), where G,, is the
complete graph on n vertices. For critical and sub-critical sequences (xy,), such
that limsup,, _, . (nx,) < 1, the exponent v has the mean field value
lim ~v(z,,G,) = 1.

n—oo

For a super-critical sequence (nx,) — 1+ ¢, we have

lim v(zp, Gp) = 0.

n—o0
1.7. Euclidean case. It is interesting to compare our findings on the complete graph
to the more classical Euclidean case.

When G,, is the n x n torus (Z/nZ)?, the above remarks on the planar self-
avoiding walk lead us to the conclusion that

o) < u(z?~1
L(z,G,) = Q(n?) = >pz?)1
nA = (),
where the last value in the critical case is only conjectured, and has to do with the
fact the the Hausdorfl dimension of SLE,; is 1 + % for k < 8. (Note that now walks
are not constrained to reach the boundary of the ball of radius n, as would be the
case in the original Lawler-Schramm-Werner model.)

For higher dimensions (that is, (Z/nZ)?) the sub-critical and super-critical be-
havior should be the same as the planar case; i.e. constant for sub-critical and
order of the volume in the super-critical case. The results of Brydges and Spencer
(1985) and Hara and Slade (1991, 1992b,a) tell us that the the number of self-
avoiding walks in Z% d > 5, started at 0, of length n, is asymptotic to Au™, for
some constant A > 0, and that a typical self-avoiding walk of length n behaves like
a random walk. This leads us to expect that on the finite torus (Z/nZ)?, d > 5 the
self-avoiding walk should not “feel” its own presence until reaching length n%/? (this
is just the birthday paradox). Thus, we expect that for d > 5 taking G,, = (Z/nZ)4,

we have that
L(ze, Gn) = ©(n¥?) = /|G,
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Here z. is the critical parameter z, = u(Z9)~1.

The complete graph together with the Euclidean case give two possible notions
of “mean field behavior”: critical exponent v = 1 or expected length L of order
square-root of the volume. We turn to the large girth case to understand which of
these is the correct picture when there is more exotic geometry involved.

1.8. SAW on large girth. Expander graphs are graphs with very good expansion
properties. It is known that a random d-regular graph is a very good expander with
high probability, and has large girth around typical vertices with high probability.
In many models random d-regular graphs exhibit the same behavior as the mean-
field complete graph case. Sometimes such mean-field behavior can also be shown
for expanders of large girth in general. See the discussion immediately following
Theorem 1.7.

This experience may lead one to conjecture that the same phenomena will occur
for the SAW model. The sub-critical and super-critical cases indeed do have con-
stant and linear order expected length respectively. However, the analogy breaks
down for the expected length L in the critical case, and the scaling is not /|G-
That being said, a different measure of “mean field” is the critical exponent . In
this case we will show that v =1 for graphs of large girth.

Instrumental in the proofs are non-backtracking random walks. A non-back-
tracking walk is a path in a graph that never backtracks the last edge it passed
through. A non-backtracking random walk is one that chooses each step randomly
out of the currently allowed steps. This is a Markov chain on the set of directed
edges of the graph. For a non-backtracking random walk on a graph G one may
define the mixing time by

T min{t : max | P, [NB(t) = v] — ﬁ| < 21G|},

where NB is the non-backtracking random walk, and PP, is the associated probability
measure conditioned on NB(0) = v. In Alon et al. (2007) the mixing time of non-
backtracking random walks is studied, and it is shown that it is always better than
the mixing time of the usual simple random walk. We use the mixing time of the
non-backtracking random walk to quantitatively define the notion of “large girth”.

Theorem 1.7. Let (Gy), be a sequence of d-reqular transitive graphs with sizes
|G| A/ 00. Let gy, be the girth of Gy, and assume that g,, — 00 asn — co. Consider
the SAW model on the sequence (Gp)n.

Then, ﬁ is a critical (constant) sequence, and we have:

o Ifx, —»x forx < (d—1)"! then

lim L(x,,Gy) (d— 1z and lim I(z,,G,)=1-

n—o00 = m o
o Ifx=(d—1)"" then,
C g, < L(z,G,) <C-gn(d—1)%*"

-

where C' > 0 is a constant that depends only on the degree d.

o Assume that G,, has large girth in the sense that if T, is the mizing time
of the non-backtracking random walk on G, then 1, = o((d — 1)9°/*) as
n — oo.
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If v, = x> (d —1)71 then there exists ¢ = c(x,d) > 0 such that

lim inf L(@n, Gn) >c and lim I(z,,Gy) =0.
n— 00 |Gn| n— o0

Note that one may find expander graphs (G,), with girth as large as g, =
elog|G,| for any € > 0. By results of Alon et al. (2007), the mixing time of the
non-backtracking random walk is faster than the mixing time of the simple random
walk on G,,. Choosing (G,,), as these large-girth expander graphs, the mixing time
in this case is 7, = O(log|Gy|). So in Theorem 1.7 the critical expected length
could be bounded by order |G,,|° for any choice of § > 0 (and in fact may even be
poly-logarithmic). For example, it is well known that the above conditions hold for
the constructions by Margulis Margulis (1982) and the Lubotzky-Phillips-Sarnak
expanders Lubotzky et al. (1988).

Occasionally one expects expanders, especially large girth expanders, to exhibit
tree-like or mean-field behavior. To illustrate this, let us contrast our results with
some other mean-field behavior in the large girth setting. In Nachmias (2009) finite
graphs with large girth are shown to exhibit mean-field behavior of the critical
window for bond percolation. Coincidently, the non-backtracking random walk
appears as part of the conditions in that paper as well. A more recent paper
Nachmias and Peres (2012) deals with the infinitely many infinite components phase
in percolation on infinite graphs with large girth, as well as the critical exponents
for percolation and self-avoiding walks on such graphs. There it is shown that the
exponents are mean-field exponents for large girth infinite graphs. Again, there is
a connection to the non-backtracking random walk, which appears in the proofs.

1.9. Critical exponent in large girth. As mentioned above, although the expected
length L does not exhibit “mean field behavior” for large girth expanders, we may
consider another measure of “mean field behavior”, namely the “critical exponent”
~v. We show that v = 1 in the critical regime for graphs with large girth. We also
determine y for the sub- and super-critical regimes.

Theorem 1.8. For a sequence of d-reqular transitive graphs (Gp)n, of size |Gy| N
oo and girth g, — 0o as n — oco:
e For the critical sequence x,, = d—il, the critical exponent v has the mean
field value
lim ~v(zp,Gp) = 1.

n—oo

o Ifx, >z < ﬁ then
log 74 —log(1 — (d — 1))
li n;Gn = —
nggo%w ) —log(1—(d—1)x)
o Ifz, - x> 75 and if the girth of G, is large enough so that 7, = o((d —

1)97/%) as n — oo (where T, is the mining time of the non-backtracking
random walk on G, as in the assumptions of Theorem 1.7), then

€ (1,00).

nh_}ngo (zn,Gp) = 0.

Recall that in the classical setting I(z, G) ~ ¢(1 —zu)?~! (as in Section 1.4). In
our (large girth) setting the analogous quantity for a sequence z,, — = < d—il is

Tpn,Gn)—1 _ log(1—(d—1)z,, _
(1= 0 001 = (g gy - D) 3150
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Also, by Theorem 1.7, I(z,,G,) — %. This coincides nicely with the fact that
~v =1 in the critical case.

1.10. Some more general results. Our analysis also provides some general results re-
lating the trivial-intersection probability I(z, o, G) to the expected length L(z, 0, G)
and partition function Z, ¢(x), for transitive graphs. This relation also holds for
infinite graphs (as long as the partition function converges).

Proposition 1.9. Suppose that G is a transitive graph (finite or infinite). Let
x > 0 be such that Zg(x) converges (all x > 0 in the finite graph case). Then,

L(z,G)+1=1(z,G) - Zg(z).

We also prove that the expected length L is an increasing function of the pa-
rameter. This result also holds for infinite graphs as long as the model is defined.

Theorem 1.10. The function x — L(z,0,G) is a non-decreasing function (defined
for all x such that Z, ¢(z) < o0).

2. Open questions

Before moving to the proofs, let us mention some basic open questions.

2.1. Critical exponents. There are other critical exponents which appear in the
classical self-avoiding walk literature (e.g. mean-square displacement exponent v).
It would be of interest to define these values in the finite graph setting, and perhaps
obtain some relations similar to the Fischer relations (see e.g. Bauerschmidt et al.,
2012).

Regarding the exponent v, note that a-priori its value depends on the choice of
the sequence of parameters x,,.

Question 2.1. Show that for two critical sequences ‘Z— — 1, we have that

7(3"77/7 0n7 Gn)

— 1.
’V(ymomGn)

Another phenomena arising from this work is that we expect v = oo in the
super-critical regime. This regime has no analogue in the infinite-graph case.

Question 2.2. Show that if (x,,), is a super-critical sequence then y(z, 0,, Gy) —
0.

2.2. I is decreasing. The expected length of a self-avoiding walk L(x,0,G) is an
increasing function of z. Intuitively, raising x increases the length of a typical
path. We would expect that this phenomena should imply that two independent
self-avoiding walks should have smaller chances of a trivial intersection as = grows.

Question 2.3. Show that the function x — I(x,0,G) is a non-increasing function
of z.
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2.3. Extending to other models. In this paper we have dealt with transitive large
girth graphs. Transitivity is required to relate the expected length L to the intersec-
tion probability I, as in Proposition 1.9, which is a starting point for our analysis.
The large girth is required for the connection to the non-backtracking walk, see
Section 3 below.

It is very natural to extend the results in this paper and investigate graphs that
are not necessarily transitive, and graphs that may have small cycles, but only very
few. For example, this is what random d-regular graphs look like. It seems that the
analysis becomes more difficult in these cases, and perhaps new ideas are required.

3. Connection to non-backtracking random walk

The connection between self-avoiding walks and non-backtracking walks has al-
ready appeared in a paper by Kesten (1964). It is used to give bounds on the
connective constant of Z? for large d.

It seems, in fact, that there is a deeper connection between self-avoiding walks
and non-backtracking random walks. The theory is developed in Fitzner (2013),
where Fitzner and van der Hofstad develop lace expansion based on the non-
backtracking random walk rather than the simple random walk. They apply this in
Z% to the analysis of SAW. However, it seems that lace expansion methods, while
achieving amazing results in Z¢, are difficult to generalize to other settings (such
as non-commutative groups and even more general graphs).

We now give a simple application of non-backtracking random walks to the study
of self avoiding walks.

A non-backtracking path w in G is a sequence w = (wp, . ..,wy,) such that for
all j < n we have w; ~ w;t1 (so that w is a path in G), and this path never
backtracks an edge in G: i.e. for all j <n —1 we have that w;ys # w;. We use NB
to denote a non-backtracking random walk on a fixed d-regular graph G started
at a fixed vertex o € G. P,, E, denote the corresponding probability measure and
expectation. Thus, for any non-backtracking path w in G of length |w| = k started
at o, the P ,-probability that NB[0, k] = w is L+ (d—1)=(*~1_ It is simple to see that
this is obtained by the Markov chain on directed edges, that at each step chooses
uniformly among all edges emanating from the current vertex, except the edge that
was used to reach the current vertex in the previous time step.

The key observation is as follows.

SAW,(0,G)| - (d(d = 1)* )™ = Y~ st = Po[NB[0, k] € SAW(0, G)].
wWESAW

Define
T=inf{k >0 : NB[0,k] ¢ SAW(G)} =inf{k >2 : T j <k, NB(j) =NB(k)}.

We call T the self-intersection time of NB. Thus,

ISAW}, (0, G)| = — (d—1)F-P,[T > K] (3.1)
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Now consider the partition function for any 0 <y # 1 and z = %5,

Zoa(z) = i ISAW . (0, G)|(d — 1) ~Fy*

k=0
- d 1
=L PT > Kyt = —- SB[yt —1]. (3.2)
Td-1 y—1
k=0
Since,
Z ky* =yo- Z g =y
Oy 8y y—1
_ 1(y—l)—y tl_ Y m o Y Y]
(y—1)? y—1 y—1 y—1"
we get that
Esocllwl] = (Zog(2)) ™" - 7% - Bo[)_ ko Lirs]
k=0
Ey" =1 y—-1 1-y E,l—y] '
For the case z = 5 (i.e. y = 1),
n—1
Zoc(x) = |SAW,(0,G)|(d —1)*
k=0
n—1 d
= 31 D Pl > M = = 1. (3.4)
k=0
And similarly to the above,
_ - E [I'(T —1)]
Ecoclloll = (Zoc@) ™" - gf1 - Bold_Mliron) = =ggmrm—- (39)

4. Proofs of General Results

We start with the proof of Proposition 1.3, which is the statement the critical
sequences are unique (in a certain sense).

Proof of Proposition 1.3: To simplify the notation in this proof, we write Z(z,,) for
Zon,G (@n).
For the first direction, assume that both (2, )n, (yn)n are critical sequences. It

suffices to prove that lim sup,,_, Z—" < 1, since both sequences play the same role.

If limsup,, ,, 3> > 1, then there exists some 0 < & < 1 and subsequences

(Tny ) kes (Yn,, )i such that for all &,

xnk >1+4€>1+1 s:]."_f‘:.
Yn,y, 1—¢
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Thus, by the definition of a critical sequence, using the fact that Z, ¢(-) is an
increasing function,

oo > limsup Z(z,(1 —¢)) > limsup Z(x,, (1 — €))

n— o0 k—o0

> limsup Z(yn, (1 +¢)) > liminf Z(y,(1 4+ ¢)) = oo,
n— oo

k—o0

a contradiction!
For the other direction, let (z,), be a critical sequence and (y,), a sequence
such that = — 1.

Fix small € > 0. Then, for all large enough n we have xn(l—%s) <yn < (I4+e)z,
Thus,

limsup Z (y, (1 — €)) < limsup Z(z,(1 — £%)) < oo,

n— oo n— oo

liminf Z(y, (1 +¢)) > liminf Z(z,(1 + 5(1 —¢€))) = oc.

n— o0 n— oo

So (Yn)n is critical as well. O
We move to the proof of Proposition 1.9, which is the identity IZ = L + 1.

Proof of Proposition 1.9: Let
Sk,j = {(w,w’) € SAW(0,G) x SAW,(0,G) : wNw' = {o}}.

For (w,w’) € Sk ; let & be the path that is p(wUw’) mapped by the automorphism
¢ of G taking w(k) to o. Note that @ € SAWy (0, G) because w Nw’ = {o}. This
map may be inverted. If @ € SAWy (0, G) one can define a pair

w=p Hok), @k —1),...,0(0)) and W = o H@[k, k+ 7)),

where ¢ is the same automorphism as before. Then (w,w’) € Sy ;. Thus, we have
shown that when G is transitive, |Sk j| = [SAWj;].
We now compute for z = ;%5,y # 1,

(Zoc(x))* Plwnw = {o}] = ZykﬂP T>k+jl=35E, ) vy _z:_ J
k,j=0 k=0  j=0
-2 g TZAyk(yT"“—l)ZL-;-E [Ty (y—1) —y" +1]
d—1 y—l ok:0 a—1 (y_1)2 o .
Thus
, _d—1 EJTy"(y—1)—y" +1]
Pwnw' = {o}] = d (Eo[yT —1])2
So by (3.3)
E H H _ EO[TyT} _ 1 _ 1 .EO[TyT(y_l)_yT""H
mo G CET -1 y-1 y-1 E,[yT —1]
y ! =1 d-1 ]P’[wﬂw’ = {o}] - E,[y" — 1]
=Plwn '—{0}] G (@).
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In the case © = ;=5 (y = 1),

(Zoa(2))” - PlwNw' = {o}] = 7% - :Zlop T>k+j]= Zzl
=71 Eo Zk:f E,[T(T + 1)].
So,
Plonw = o)) = 1 E;[é(jﬁ) )]
and by (3.5),
Eroallll +1= 2 A - 2 B w0 Bolr

=Pwnuw' ={o}] - Z,c(x).
O

We now prove Theorem 1.10, showing that L(x) is an increasing function of z,
regardless of the graph chosen (as long as it is defined).

Proof of Theorem 1.10: Define P, (z) = Py, cllw] < m]. We claim that P, is
decreasing in z. This implies that for x < z, the random variable |w| under Py, ¢ is
stochastically dominated by |w| under P, , . So L(z) = E; o.¢[|w|] < Eocllw]] =
L(z) for all x < 2.

We move to prove that P,, is a decreasing function. Write y = (d — 1)z and

Qu(z) = 74 E, Z(TAm “lyk. Using (3.1), we have that P, (z) = Qm(z)/Z(x).
So Py, (x ) Z(x)7? - (Q () Z(7) — Qm(2)Z'(x)).

Note that Z = Q. We have that for any m € NU {o0},

(TAm)—1

yQn(v) = 3% - Eo Z y" = (d— 1) Epocllwlfw<m)] - Z(2).

Thus, P! (x) <0 if and only if
Eeocllwl{jw)<m}] < Baocllwl] - Pn(z)
—ExoG[|w‘1{|w|<m}] m( ) +ExoG[|W‘1{|w|>m}] m( )
which is if and only if
Beocllwljw<my] - (1 = Po(2)) < Eoo,cllwlljwjzmy] - Prn().

Recall that P, (z) = Py o.¢[|w| < m]. If Py, (z) € {0,1} then the inequality above
holds trivially. If 0 < P,,(x) < 1 then the inequality is equivalent to

Esocllwl | |w] <m] <Egpcllw] | |w] = ml,
which is obviously true always. ]

Finally we prove Theorem 1.4, which states that sequences are super-critical
(resp. sub-critical) if and only if I — 0 (resp. I > 0).
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Proof of Theorem 1./: Jensen’s inequality tells us that for any 2 > 0, y = (d — 1)z
and a # —logy,

alL(z,G) alw] -1 d -« ak, k ZG(l’ea)
et <R, gle] = Zo(a) ™ 5 Bo ) ey T Zalw)
k=0

Now, if (z,,)n is a sub-sequence such that Zg_ (x,) — o0, then choosing € > 0
and z, = z,(1 — ), we have with o = log(1 — ¢),

L(z,,Gp)+1 <= log(1—¢) +1log Zg, (zn) —log Zg, (2n)

I(x,,Gp) = < 0.
) = e e ~Tog(1 — ) Zo, (i)
Thus, Zg, (xn) — oo implies that I(z,, G,) — 0.
Also, since
L(zy,,Gp) +1 1
I(zy,Gy) = >
(xTH TL) ZGn («'L‘n) - ZGH (:L'n) )
we have that I(x,,G,) — 0 implies that Z¢, (z,,) — oo.
Thus,
liminf Zg (z,) = o0 <= limsup I(z,,G,) =0,
n—00 n—00
limsup Zg,, (z,,) < 00 <= lirginf I(zy,G,) > 0.
n—oo n o0
(]

5. Mean-field SAW

In this section we give a short account of the mean-field SAW; that is when
G, = K, is the complete graph on n vertices.

The main (simple) observation is that on the complete graph one can count
exactly the number of self-avoiding walks of a specific length. Specifically, for a
fixed vertex o, € K,,

DL 0<k<n-—1

SAW} (0, Kpy) = { (n=1=R)!
0 kE>n-—1.

Thus, forall 0 < k <n -1,
a1 FISAW,, 1 g (on, K|
>0 |SAW, (05, Ky
2" 1FISAW,, 1 g (on, K|
Sy a1 |SAW, 1 (00, Ky

ZD_k

= =P[P=k|P<n-—1],
2i=0 i

where P ~ Poi(z~1). That is, under P, k, the quantity n—1—|w| has a conditional
Poisson distribution. Specifically,

L(z,K,)=n—1—E[P| P<n-1]. (5.1)

Poa, llwl=n—-1—k] =

This leaves the task of understanding the conditional expectation above for the
different regimes of .
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Since this is the main observation required to prove Theorems 1.5 and 1.6, we
have placed the proofs of these theorems in the appendix.

6. SAW on large girth graphs

We now investigate the consequences of the connections between SAW and non-
backtracking random walk made in Section 3, for sequences of graphs with large
girth.

For this section let (G},), be a sequence of d-regular graphs of size |G| = n and
girth of G,, being g,,. Assume that g, — oo as n — co. We fix some vertex o, €
G, and denote L, (z) = L(x, 05, Gp), In(x) = I(x,0n,Gp), Zn(x) = Z,, a,(T).

Sometimes we will omit the subscript n when it is clear from the context.

6.1. Sub-critical phase.

Lemma 6.1 (Sub-critical phase). Let (x,,), be a positive sequence such that
limy, oo T = < ﬁ. Then,

. _ (d-1)x
nh_)rr;o L,(z,) = T— -z

Proof: We will prove that in fact that if x,, < ﬁ, then for y, = (d — 1)z,

gn

1_yn 1_y7gln_

Yn
]-_yn

(6.1)

Indeed, using (3.3), we only need to bound
Eo, [T?JT]
Eo,[1—y"]
from above for y < 1, where T is the self intersection time of a non-backtracking
random walk on G,,. Note that T > g, a.s. Also, k — ky” is decreasing for k >
(—logy)~t. So E,[TyT] < gny9" when g, is large enough, and E,[1 —yT] > 1 —y9~.
The lemma now follows because ¥, < 1 for large enough n and g, — cc. (I

6.2. Super-critical phase.

Lemma 6.2. Suppose that G is a transitive graph with girth g and size |G| = n.
Let

T = min{t : max |P,[NB(t) = v] — %\ < an}

be the mizing time of the non-backtracking random walk NB on G, and let T be the
self intersection time of NB. For all m > T,

P[T > k+m] > (1 2050m 2 (g = 1)~Low/2) P [T > g,
Proof: We will make use of the fact that uniformly over v,

0 itt<gn
P,INB(t) =v] < (d—1)"lm/2l ifg, <t <7
3 if t > 7.

2n
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The middle case coming from the fact that {u s dist(v,u) < 97"} is a tree, so to

hit v at time ¢ with a non-backtracking walk, one must be at distance | %* | at time

t — | %] and then move towards v in the next | %] steps.

Fix m > 7. NBJ[0, k 4+ m] is uniformly distributed on non-backtracking paths of
length k4 m starting at NB(0). Thus, conditioned on NBJ[0, k], NB(k +m) = v, the
walk NB[k, k + m] is uniformly distributed on non-backtracking paths of length m
starting at NB(k), such that the first step is not NB(k — 1) and such that the last
step is at v. Fix v and conditioned on NBJ[0, k] = A. Set

Q=0(v,A4)= {w non-backtracking : NB(k), w(1) # NB(k — 1),}

I Qf — : . |w|:m7w(0):v7
Q' =Q (v, A) = {w non-backtracking : wl0,m—1]N A £

Since for every w € ) we have that the reversal of w is in ' we get that |Q] < ||
Thus, using the fact that m > 7,
P,[NBlk+ 1,k +m]NA+#0, NB[0,k] = A,NB(k + m) = v]
=9 (d—1)"™ - P,[NBJ[0, k] = A,NB(k + m) = v]
<|Q]-(d—1)"™ P,INB|[0, k] = A,NB(k + m) = v]
=P,[NB[0,m — 1] N A # (]-P,[NB[0, k] = A,NB(k +m) = v]
3

< Pv[NB[Oam - 1] NA# @] PO[NB[Oak] = A]
Summing over v we obtain
P,[NBlk+1,k+m]NA#0| NB0,k] = A] <3 -P,NB[0,m—1]NA# (]

Since the uniform distribution is stationary for the non-backtracking random walk
on a regular graph,

LN P,[NBI0,m —1]NA# 0] < 23 E,[INB[0,m — 1] N A]
0eG oeG

- %mz_: > P,[NB(t) € A] = #.

t=0 oeG
Thus,

L3P, [NBIk + 1,k + m] NNB(0, k] # 0 | NBJ0,k]] < w

oeG
Also, if NB[k, k+m] & SAW then there exist 0 < ¢ < ¢’ < m such that NB(k+t) =

NB(k + t'). We have seen above that for any such pair ¢ < ¢/, this probability is
bounded by P,[NB(k +t) = NB(k + ') | NB[0, k]] < (d — 1)~ l9»/2]. Thus,

P, [NB[k, k +m] ¢ SAW | NB[0,k]] < > P[NB(k+t) = NB(k +t') | NB[0, k]

0<t<t'<m
S m2 . (d — 1)_Lgn/2J.
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If NB[k, k+m] € SAW,NB[0, k] € SAW and NB[k +1,k+m]NNBJ[0, k] = 0, then
NBJ[0, k + m] € SAW. Thus, combining all the above we obtain that

13" P,NB[0, k + m] € SAW]

e
> (1 20 2 (@ —1)"Lo/2) . L ST P NB[O, K] € SAW].
e
Since G is transitive, P,[NB[0, k] € SAW] does not depend on the choice of starting
vertex o € G, and we obtain the lemma. [l

Corollary 6.3. Let (Gy), be a sequence of transitive graphs such that |G,| /7 oc.
Suppose that the mizing time of the non-backtracking random walk on G, satisfies
T = o((d — 1)97/%) as n — oo, where g, is the girth of G.,.

Then, there exists a constant ¢ > 0 such that for every § > 0 and all k < %|Gn|,
P,[T > k| > ce %,

Proof: Set pr = P,[T > k|. If we choose m = m,, = 7,,, we may take n large enough
so that m? - (d — 1)~ lon/2] < 1. By Lemma 6.2 (using the inequality e=26 <1 —¢
valid for all £ < 1),
P> exp (—2m? - (d— 1) Lo/ gy
Lk/m]
> >exp | —|E] 2m? - (d—1)"Lon/2 _%. Z jm—% E]  pm
j=1

3k 3k
> exp (—2km- (d—1)~lon/2) — G G|> - exp (—2m2 - (d— 1)_Lg"/2j) :
n n

Thus, if k < 8|G| then,

pe>e M2 exp (—ﬁk — 38k — ﬁk) : (6.2)

Since m = 7, — o0 as n — 0o, we have that if § = % then for all n large enough
(so that 2m >> §71), p > e~ /2. ek, O

Lemma 6.4 (Super-critical phase). Let (G,), be a sequence of transitive graphs
such that |G| 7 oo with girth g,. Suppose that the mizing time of the non-
backtracking random walk on G, satisfies T, = o((d — 1)9/*) as n — oo, where g,
is the girth of Gy,.

Then, there exists a constant ¢ > 0 such that for any v > d—il there exists ng > 0
such that for all n > ng,

Lo(x) > e(1 Aog((d — 1)a)) - |G,

Proof: Set y = (d — 1)z > 1. Choose § > 0 small enough so that § = 1 A logy.
For any integers 0 < m < M < %|Gn\ we have by Corollary 6.3,

m m+1_1
S YPIT > k< Y ,
y—1

k=0
M M M+1

! ko VY -1
Zy PO[T>IC]ZCZ\/§ —C'W.
k=0 k=0
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Choose M = |2|G,|| and m = 272, so that ym"‘l\/@*M*l < y~™. Note that
for some universal constant ¢ > 0 we have that m > ¢6|G,|. We can compute:

k m+1 _ -1

2\:Gk \0? Poll 2 <ch yM+1 Lo

S P IT > 4 Vi y—1
ym+1 1
\/gMJrl 1 \/ngq
for some constant C' > 0. Thus,

Ln(x) > (1= Cy=l9) . c6]G,,].

Pz,on,Gn[|w| <m] =

< C —C6|G |

<ct.

6.3. Critical phase.

Lemma 6.5 (Critical phase). For a sequence of d-reqular transitive graphs (Gp)n,
of size |G| = n and girth g, — 0o as n — 0o, we have that at the critical sequence
1

Tn = 777,
1B [T — 1] < Ly(z) < 75 E,[T] - 1.

Specifically, Ly () = 00 and Ly (2,) < 725 (1+0(1))gy (d—1)9". So Ly, has neither

sub-critical nor super-critical behavior.

Proof: Using (3.4) and (3.5) we have that Z,,(;17) = 72 E,[T] — oo, and
EO[TQ} —E, [T]
Lola5) = =57 —

2E,[T]

where T is the self intersection time of a non-backtracking random walk on G,
Proposition 1.9 tells us that Ly, (z)+1 < Z, (), so that L, (75 ) 4 E,[T]-1.
Since g, is the girth of G,,, we have P,[NB(g,) =v] > (d—1)"¢ Thus for any

> 1E,[T] - 3 — oo,

P[NB(j + g.) = NB(j) | NB[0,j]] > (d — 1)9".
Thus, for k& > gn,
P,[T > k| < P,[T >k — g,] - PINB(k) # NB(k — g,,) | NB[0, k — g,]]
<P >k—g, - (1—(d—1)"9)
<o < (1= (d—1)79n)F/9nl,

This easily shows that

1
(= (d= 1)) (1= (1= (d— 1)-o)1/am)
(using the inequalities 1 — & < e~ ¢ and 1 — %{ >e € valid 0 < €< %) O

E,[T] < < (1+0(1)) - gn(d—1)7",

Remark 6.6. By the proof of Corollary 6.3, as long as 7,, = o((d—1)97/%) as n — oo,
taking S = IGikl in (6.2), we have that there exists a constant ¢ > 0 such that

P,[T > k] > cexp (—k- (i + 3%:‘1))) )

where 7, is the mixing time of the non-backtracking random walk. If we take k =
|min{7,, /|Gn|}| we get that for some universal constant ¢’ > 0, P,[T > k] > ¢/,
which implies that E,[T] > ¢/ min{7,, /|Gr|} in this case.
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6.4. Proofs of theorems for large girth graphs.
Proof of Theorem 1.7: This is just a combination of Lemmas 6.1, 6.4 and 6.5. [

Finally we prove Theorem 1.8, which computes the critical exponent ~y for large
girth graphs.

Proof of Theorem 1.5: Let T be the self intersection time of a non-backtracking
random walk on G,,. Note that since T' > g,, a.s., which converges to infinity, we
get using (3.4) and (3.5) Zg, (737) = 75 Eo[T] — oo, and

Eo [Tz] - EO[T]

1 o 1 1
L(5.Gn) = o (7] > 7Eo[T] — 3 — .
So for the critical sequence x, = ril,
log Zc, () log 74 + log E,[T]

li < 1i =1
n00 10g(L(wn, G) + 1)~ nvoe log Bo[T] + 10g(Eo[T] + 1) — log Eo[T] — log2

The inequality v > 1 is immediate from Proposition 1.9, since L(z,,G,) +1 <
ZG,,, (:L‘n)

The sub-critical case z,, = = < ﬁ just follows from plugging in the values of
L,Z from (3.2) and (3.3).

For the super-critical case @, — = > 7, as long as 7, = o((d — 1)97/4) we
can duplicate the super-critical case from the proof of Theorem 1.6: Set z, =
1 (455 +xn), so that z, = z:= (15 + 2) > 715 By Lemma 6.4, for any w we
have

L(zp, Gr) > c(1 Alog((d —1)zp)) - |Gn| > c(1 Alog((d — 1)zy)) - L(w, Gy).
Thus,

lim L(zn,Gr) e and log L(xy, Gy)

n—oo log(L(zn, Gp) + 1) P log L(zp, Gr)

Consider f(x) :=log Zg, (z). Note that zf'(x) = L(z,Gy). So we have that for
x > z, there exists w € [z, z] such that

log Zg, (z) —log Zg, (z) = f'(w)(z — 2) = iL(w,Gn)(x —z) > 2. L(2,Gp).

=1.

Thus, for z,, z, as above,

. IOg Zag (xn) .
1 ul >1 1
200 10g(L (@, G) + 1) = i35 2, 10g(L {20, G

Appendix A. Complete graph proofs

A.1. Mean field super-critical regime. First a classical large deviations argument,
which we include for completeness.

Proposition A.1. Let P ~ Poi(z~1). Then, for alln > x71,

1
T

P[P > n] < (zn)™"-e"”
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Proof: For any A > 0, the Laplace transform of P is
E[e*] =exp (27 (e} —1)).
Thus, for any A > 0,
P[P > n] <E[e*]e ™ =exp (z 7' (e} — 1) — An).

Minimizing the right hand side above over A\, we obtain A = log(zn) (which is good
since we assumed zn > 1), so

P[P > n] < (L)" Lol

rn

Lemma A.2. Fore >0 and z = }Lfi, we have

nl(e)™/?
1+€(”1)‘§1_z<g>n’

’L(m,Kn) -

where I(e) = max {6_52/8, \/5/2}. Specifically, if (€n)n s a sequence converging to
1ten

n 7

& €10,00] such that n - €2 — oo as n — oo, then for the sequence x,, =

. L(zn, K,) &
lim = ,
n—oo n —1 1+€

x —
where Toes = 1.

Proof: Let P ~ Poi(z™1), and let Q ~ Poi({77). So P is stochastically dominated
by @. Thus, by Proposition A.1,

P[P > 0] < PIQ > ] < (1+¢) "ee T = exp (15:0) (14"

We use the inequality ef < 14 €& + %eé, so if € < 1, then ef < 12@%. Plugging in
&= 1%5’ we obtain that when ¢ < 1,

14 2¢

1 2
eXp<1E?) Ate) sy mrap sl

and if ¢ > 1 then since £e~¢ increases when 0 < € < 1, with £ = 1—; we get

Je

exp (ﬁ) (L+e) ' <e-get < ¥

So we get that P[P > n] < I(¢)™. Thus, for some ¢ = c(¢),

]E[P] r! n—1 I(e)"
E[P|P <n—1] < < < -(1 )
PP <n ]_l—IP’[PZn]_l—I(s)”_1+5 MRRICK

1+e
n—1’

We use this bound with (5.1) to obtain that for « >

L(x,Kn)zn—l—E[HPgn—uz(n_1).(1_#8.(1+ I(e)" ))

1-I(e)™
S e(n—1) B nl(e)™
1+¢ 1—1I(e)

This proves the lower bound on L(x, K,).
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For the upper bound, note that by Cauchy-Schwarz
E[P1(p>ny] < VE[P?-P[P >n] < Va2 21 I(e)V/?

<n-IE)"2
Thus,
E[P] — E[P1{p>n)]
Lz, K,)=n—1-EPP<n—1=n—1- =
]E[Pl{p>n}] s(n — 1) TLI(S)TL/2
<n—-1-E[P = < .
=" R e B (B0
(In the second inequality is where we use that E[P] = 7! = ’fjral ) O

Remark A.3. Note that Lemma A.2 gives more than required for the super-critical
phase in Theorem 1.5. For £, >> n~ /2, we have that the expected length L(z, K},)
en(n—1)

+

is very near = —— as n — 00.
n

A.2. Mean field critical regime.

1

Lemma A.4. There exists a constant a > 0 such that for v = x, = .=,

lim Lan, Kn) =«

n— oo n—1
Proof: Let (Pg)g be ii.d. Poisson-1 random variables, and let P = Zz;ll Py. So
P ~ Poi(z™1). Since E[P] = n — 1 and Var[P] = n — 1 we have by the central limit

theorem that the sequence X,, := % converges in distribution to a standard

Gaussian N ~ N(0,1).
From this, a simple application of the Portmanteau Theorem gives that
E[PIP<n—-1]—-(n—-1)

vn—1

So setting o := —E[N|N < 0] = E|N| > 0 we have that when z = —1-,

= E[X,| X, < 0] = E[N|N < 0].

\/nlj L2y, Kp) = a.

A.3. Mean field sub-critical regime.

Lemma A.5. For any ¢,0 > 0 there exists ng > 0 such that for all n > ng, if

x = 1=¢ then,
n—1

1-— 1-—
et (1= 3) < L2, Ky) < ——
€ €
Consequently, if (xn)n is such that lim, o (nz,) =1 — ¢ then
1_
lim L(zn, Kn) = ——.
n—00 B

Proof: For the upper bound we use (3.3) to deduce that

x(n —2) €
Lz, Kn) < 1—z(n—2) = 1—¢’
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For the lower bound, by (3.2),
n—1 1 n—11
n—2 l—z(n—2) " n—-2 ¢

Zk%(x)g

Note that 1 — & > e~ 2¢ for € < %, so for any fixed § > 0,

n—1 k—1

L, Kn) = Zc, (@)~ 3 ket [SAWL(Ky)| > €228 30 K1 =) [T (1 - 75
k=0 k<(n—1)/4 =0

>eo222 3 k(o) exp (-~ ) 222N k(1)
k<(n—1)/4 N

_s n_o l—c¢ e
> et a2t .(17(1%) 5( 1>).

Taking n — oo we have that for all § > 0,

lim L(1=5,K,) >e™’- ,

n—o00 e
0 if (xy,)n is such that lim, o (nx,) =1 — € then
1 _

lim Lz, Kp) = ——.

n— 00 15

A.4. Proofs of theorems for mean field case.

Proof of Theorem 1.5: Combining of Lemmas A.2; A.4 and A.5 we have the asymp-
totics for the expected length L.
By Proposition 1.9, we get that for any € > 0,

Zr, (1) > L(%J(n) +1— o0,

n n

by Lemma A.2; and

Zr (l=£) < 1 1
Kn( n )— 1_(1_6)nT—2 — & < 00,

by (3.2).

This implies that (%)n is a critical sequence, and that in the super-critical case
I(z,,Gp) — 0.

Also, in the sub-critical case where nx, — 1 — ¢, we have that

L(z,, K,)+1 _
I Ky) = OB Lo k)41 (- (- e)m=2) 1.

ZK%(xn) -
|

We now prove Theorem 1.6, calculating - for sequences in the case where G,, =
K, the complete graph on n vertices.

Proof of Theorem 1.6: We start with the critical case z,, = ﬁ In this case we
have by (3.4) and (3.5) that
_ E,[T?+T
S22 Zo (wn) = 3BT < Pl T o Gy 41 < Ze, (0a).

T 2E[T]
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Since E,[T] — oo,
log Z¢, (xn)
im
n—o0 log(L(zn,Gn) + 1)

In the sub-critical case where (na,) — 1 — ¢, we have by (3.2)

Zc, (@) < G me o

and L(z,,Gp) +1 — é, so in this case as well,

log Z,
lim og Zg, (Tn)

=1.
n—oo log(L(wn, Gpn) + 1)

Finally, in the super-critical case (nz,) — 1 +¢, set z, = 1 - (£ 4+ 2,,). Then

nz, = z:=1+ %8, and we have by Lemma A.2 that as n — oo,

L(2n,Gn) = (1 —0(1)) 55z -n > (1 —0(1)) 55 - L(xn, Gp).
Thus,
. L(zp,Gr) log L(xy, Gr)
1 = d —_—— = ]..
oo log(L(zn, Go) + 1) 2B log Lz, Ga)

Consider f(x) :=log Z¢, (z). Note that zf'(x) = L(z,Gy). So we have that for
x > z, there exists w € [z, x] such that

log Zg, (z) —log Zg, (2) = f'(w)(z — z) = %L(w,G’n)(z —2) > 2. L(z,G,).

x

Thus, for z,,, z, as above,

i log Zg,, (zn,)

lim
n—oolog(L(xy, Gp) + 1)

> lim log Za, (zn) (xn, — 2n) - L(zn, Gi)

T nooo log(L(zn,Gpn) +1) 2y - log(L(zn,Gpn) + 1)

. L(Zm Gn)
€ —
21+ 2(1+e) nlggc log(L(zn, Gr) + 1) -
([l
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